Death ligand/receptor interactions and caspase activation mediate drug-induced apoptosis in certain cancer cells. The molecular mechanisms responsible for the chemoresistance of human malignant gliomas are largely unknown. Here, we report that malignant glioma cells co-express CD95 and CD95L without undergoing suicidal or fratricidal apoptosis. Glioma cells do not commit CD95/CD95L-dependent suicide or fratricide even when RNA and protein synthesis are inhibited. This is because ectopic expression of the viral caspase inhibitor, crm-A, or exposure to a neutralizing CD95L antibody, block apoptosis induced by exogenous CD95L but not cell death induced by cytotoxic concentrations of inhibitors of RNA and protein synthesis. Although some cytotoxic drugs enhance the expression of CD95 or CD95L, crm-A fails to block drug-induced cytotoxic and clonogenic cell death, suggesting that the drug-induced changes in CD95 and CD95L expression are epiphenomenal. There is also no dierence in drug-induced apoptosis between crm-A-transfected and control cells as assessed by electron microscopy, in situ DNA end labeling and DNA fragmentation. Further, glioma cells selected for resistance to CD95L do not acquire crossresistance to chemotherapy. However, the broad spectrum caspase inhibitor, ZVAD-fmk, inhibits drug-induced cytotoxic cell death, suggesting a role of crm-Ainsensitive caspases in drug-induced apoptosis of glioma cells. Thus, drug resistance of malignant glioma cells may involve de®ciencies in two interrelated pathways that mediate death in order tumor cell types: (i) death ligand/receptor signalling; and (ii) caspase activation.
Introduction
Among the putative mechanisms of drug-induced cytotoxic and clonogenic cell death of human cancer cells, interactions of endogenous death ligand/receptor pairs and caspase activation have recently attracted a lot of interest.
Thus, doxorubicin cytotoxicity of human leukemia T-cell lines (Friesen et al., 1996) and bleomycin cytotoxicity of hepatoma cells (MuÈ ller et al., 1997) have been shown to depend critically on CD95/CD95L interactions. Similar data were obtained for neuroblastoma and other solid tumor cell lines (Fulda et al., , 1998a . Conversely, cross-resistance to CD95-mediated apoptosis and drug cytotoxicity has been linked to de®cient caspase activation (Los et al., 1997) . However, the role of CD95/CD95L interactions for drug cytotoxicity of lymphoma cells has been questioned (Villunger et al., 1997; Eischen et al., 1997; Kataoka et al., 1998) . Thus, the precise role of CD95/CD95L interactions for sensitivity or resistance to chemotherapy of human cancer is still a matter of controversy. In contrast, several studies indicate that caspases play a crucial role in the cytotoxicity induced by dierent cancer chemotherapy drugs Droin et al., 1998; Benjamin et al., 1998; Ferrari et al., 1998) .
We have been interested in overcoming resistance to apoptosis in human malignant glioma cells, speci®cally by targeting the CD95/CD95L system (Weller et al., 1998a) . Potentiation of apoptosis by inhibitors of RNA or protein synthesis is a classical feature of death ligand-induced apoptosis and has previously been characterized in CD95 antibody-treated glioma cells, too (Weller et al., 1994) . One particularly striking observation in glioma cells is the apparently nonlethal co-expression of CD95 and CD95L in cells that are susceptible to apoptosis when exposed to exogenous CD95L .
Here, we have examined the molecular mechanisms underlying this failed suicide or fratricide in human malignant glioma cells and the implications of this observation for their chemosensitivity. Further, we have asked whether death ligand/receptor interactions and caspase activation play a role in drug-induced apoptosis of human malignant glioma cells.
Results
Absence of suicide or fratricide in human malignant glioma cells?
The ®rst experiment was designed to examine whether malignant glioma cells can be forced to commit CD95/ CD95L-mediated suicide or fratricide. Previously published observations with relevance to this issue include the co-expression of CD95 and CD95L in these cells , their susceptibility to exogenous CD95L and abrogation of exogenous CD95L-induced apoptosis by crm-A (Wagenknecht et al., 1998) . A further characterization of the coexpression of CD95 and CD95L in four dierent glioma cell lines, LN-18, LN-229, LN-308 and T98G, revealed that none of the cell lines down-regulated CD95 or CD95L expression as assessed by¯ow cytometry when grown to tight con¯uency (data not shown). Therefore, we assumed that mechanisms other than regulation of CD95 and CD95L expression were responsible for the lack of suicidal or fratricidal cell death under conditions of tight con¯uency in vitro. We then tested the possibility that the presumptive cytoprotective proteins, de®ciency of which allows exogenous CD95L-induced apoptosis to ensue when RNA and protein synthesis are inhibited, might also prevent suicide or fratricide in cells co-expressing CD95 and CD95L. We exposed puro and crm-A LN-18 and LN-229 cells to CD95L or actinomycin D (ActD) or cycloheximide (CHX) at increasing concentrations (Figure 1a ± c) and for various lengths of time ( Figure  1d ± f). Crm-A provided strong protection from CD95L-induced apoptosis (Figure 1a and d) . No dierence in sensitivity to ActD or CHX between puro and crm-A cells became apparent, suggesting that CD95/CD95L-dependent suicide does not take place even in the presence of RNA and protein synthesis inhibitors. This is because crm-A is an eective inhibitor of exogenous CD95L-induced apoptosis and would also be predicted to block apoptosis triggered by endogenous CD95/CD95L interactions. To con®rm that the human glioma cells were unable to commit suicide or fratricide in the presence of ActD or CHX, we showed that a neutralizing anti-mouse CD95L antibody (Kay-10) blocked apoptosis induced by exogenous murine CD95L in a concentration-dependent manner (Figure 2a ) whereas a neutralizing antibody to human CD95L (Nok-1) had no eect on the cytotoxicity of ActD and CHX (Table 1) . Further, the neutralizing mouse CD95L antibody did not inhibit drug-induced cytotoxicity in the murine glioma cell lines, P497 and P560 (data not shown). In contrast to the failure to modulate the intrinsic toxicity of ActD or CHX (Figure 1b , c, e and f), the sensitization to cytokine-induced apoptosis mediated by these agents was eciently blocked by crm-A (Figure 2b and c) . Note that under these conditions, ActD or CHX are devoid of signi®cant intrinsic toxicity.
Finally, we also considered the possibility that death ligand/receptor interactions other than CD95L/CD95 mediated the intrinsic toxicity of ActD or CHX. Two other endogenous death ligand/receptor systems, TRAIL/DR4/5 or TNF/TNF receptor interactions, can also be excluded as mediators of ActD or CHX cytotoxicity when administered alone since the toxic (open symbols) cells were exposed to CD95L alone (10 U/ml for LN-18, 100 U/ml for LN-229) (circles), CD95L plus ActD (0.5 mg/ml) (squares) or CD95L plus CHX (10 mg/ml) (triangles). (d ± f) LN-18 or LN-229 puro or crm-A cells were exposed to CD95L (d; 10 U/ml for LN-18, 100 U/ml for LN-229), TRAIL-containing supernatant (e, 1 : 4) or TNF-a (f; 10 ng/ml) in the absence (black bars) or presence of ActD (0.5 mg/ml, grey bars) or CHX (10 mg/ml, open bars) for 16 h. Survival was assessed by crystal violet staining. Data are expressed as mean percentages of survival and s.e.m. compared with control cells that received either medium alone or ActD or CHX alone (n=3, *P50.05, t-test, puro versus crm-A; for the eects of ActD and CHX alone under these conditions, see Figure 1 ) 
Drug toxicity of human malignant glioma cells: absence of a role for CD95/CD95L interactions?
The data on ActD and CHX (Figure 1 ) predicted that glioma cells might not undergo CD95/CD95L-dependent suicidal apoptosis in response to cytotoxic drugs. First, we considered drug-induced changes in CD95 or CD95L expression. VM26 has previously been shown to induce CD95 expression in p53-heterozygous LN-229 cells but not in p53-mutant T98G or p53-null LN-308 cells (Winter et al., 1998) . CD95 expression increased after exposure to various drugs in p53-heterozygous LN-229 cells but not in p53-mutant LN-18 cells (Table 2) . Compared with untreated cells, CD95L protein expression increased moderately after exposure to vincristine, camptothecin and BCNU in LN-18 cells, and after exposure to BCNU in LN-229 cells.
Next, puro or crm-A LN-18 or LN-229 cells were exposed to cytotoxic drugs in acute cytotoxicity and clonogenic cell death assays as described in Materials and methods. Crm-A did not block acute drug toxicity induced by BCNU, doxorubicin, VM26, vincristine, camptothecin, cytarabine or cisplatin (data not shown) and did not enhance clonogenic survival after drug exposure (Figure 3 ). To con®rm that the drugs were inducing apoptotic cell death in the glioma cells expressing crm-A, we performed electron microscopy (Figure 4a ), in situ DNA end labeling (not shown) and quantitative DNA fragmentation analysis ( Figure 5 ). These assays con®rmed that crm-A blocked apoptosis induced by exogenous CD95L but had no eect on apoptosis induced by VM26 or vincristine. Further, the neutralizing antihuman CD95L antibody did not block the cytotoxicity of VM26, vincristine or VP16 in four dierent glioma cell lines (Table 1) .
LN-18 cells selected for resistance to CD95L do not acquire cross-resistance to chemotherapy
To further examine the relationship between the CD95/ CD95L pathway and drug-induced apoptosis, we generated CD95L-resistant LN-18 glioma cells (see Materials and methods). These cells had the same CD95 expression as the parental cells (Figure 6a ) but did not exhibit caspase 8 cleavage (Figure 6b ) or caspase 3-like activity (Figure 6c ) in response to CD95L. These cells were cross-resistant to TNF and TRAIL (data not shown). However, the CD95L-resistant cells were as sensitive as parental LN-18 cells to various cytotoxic drugs (Figure 6d ).
Drug cytotoxicity of human malignant glioma cells: the role of caspases
The data summarized in Figures 3 ± 6 exclude a role for crm-A-sensitive caspases in drug-induced apoptosis, e.g. caspase 8 (Zhou et al., 1997) , but not other caspases less sensitive to inhibition by crm-A, e.g. caspase 3. Immunoblot analysis showed the formation of p43/caspase 8 in drug-treated cells, but the active p18/caspase 8 fragment was only detected in CD95L-treated cells (Figure 7a ). Accordingly, caspase 3 61+3  65+2  42+4  40+4  20+2   73+3  72+4  35+2  57+2  48+1   76+3  69+3  36+2  56+3  50+4   77+2  66+2  53+1  54+4  50+1   75+4  68+3  55+4  58+2  51+2   71+3  69+4  28+4  38+1  27+3   74+4  65+3  24+3  35+3  24+2 LN-18 or LN-229 cells were exposed to the drugs in the presence of CD95L antibody (50 mg/ml) or an isotype antibody (16 h for ActD of CHX, 48 h for vincristine (VCR), VM26 and VP16). Data are epxressed as mean percentages of survival and s.e.m. (n=3, P40.05) Drug-induced caspase activation in glioma cells T Glaser et al Figure 4 Morphology of VM26-mediated apoptosis of puro or crm-A LN-18 or LN-229 cells on transmission electron microscopy. LN-18 (a ± d) or LN-229 (e ± h) puro (a, c, e and g) or crm-A (b, d, f and h) or exposed to VM26 (6 mM) for 48 h (c, d, g and h) and then processed for electron microscopy as described (Weller et al., 1994) . Note that untreated puro and crm-A cells exhibit the same morphology. There are no morphological dierences of drug-induced apoptosis between puro and crm-A cells (a and b:62500, c and d:64200, e:62000, f:62500, g and h:64200)
Drug-induced caspase activation in glioma cells T Glaser et al cleavage was induced only by CD95L but not by the drugs (Figure 7b) , and there was no drug-induced cleavage of the caspase 3 substrate poly (ADP-ribose) polymerase (PARP) (data not shown). Next, we monitored caspase 3-like enzymatic activity assessed by DEVD-amc cleavage after exposure to CD95L or the drugs. Exposure of LN-18 and LN-229 cells to CD95L (Figure 8a and d) resulted in an early induction of caspase activity, preceding cell death assessed by detachment from the cell culture dish. In contrast, there was only a moderate and delayed induction of caspase activity after exposure to vincristine (Figure 8b and e), VM26 (Figure 8c and f), cisplatin and doxorubicin (data not shown). This drug-evoked caspase activity paralleled rather than preceded cell death. In contrast to DEVD-amc, the preferential caspase-1 substrate, YVAD-amc, was not cleaved under any of the experimental conditions examined here (data not shown).
We then asked whether a pseudosubstrate peptide inhibitor with preferential anity for caspase-3, ZDEVD-cmk, or a broad-spectrum peptid inhibitor of caspases, ZVAD-fmk, inhibited drug-induced cell death. Exposure to ZDEVD-cmk and ZVAD-fmk inhibited apoptosis induced by CD95L in a concentration-dependent manner (Figure 9a and b) . The cytotoxicity of vincristine and VM26 was inhibited signi®cantly only by ZVAD-fmk but not ZDEVD-cmk. Similar results were obtained with cisplatin, camptothecin, cytarabine and BCNU (data not shown) and not only in LN-18 and LN-229, but also T98G and LN-308 cells (data not shown). We also performed similar experiments to assess the eects of the caspase inhibitor ZVAD-fmk in clonogenic cell death assays. Here, the caspase inhibitor had no eect on druginduced cell death whereas CD95L-induced apoptosis was still eectively blocked ( Figure 9c ).
Discussion
Most human malignant gliomas are resistant to chemotherapy. Transient responses are observed in less than 30% of the patients. Importantly, such responses are typically of a stable disease type and not a complete remission type, suggesting that cytostasis rather than cytotoxicity is achieved with the current modes of chemotherapy. The molecular basis for this resistance to chemotherapy in malignant gliomas is unknown.
The present study shows that CD95/CD95L or other death ligand/receptor interactions do not mediate drug cytotoxicity of malignant glioma cells. This is because: (i) exogenous CD95L-, TRAIL-and TNF-triggered apoptosis are blocked by crm-A (Figure 2 ) whereas drug cytotoxicity is not (Figures 1, 3 ± 5) ; (ii) a neutralizing CD95L antibody does not inhibit drug cytotoxicity ( Figure 2a and Table 1 ); and (iii) glioma cells selected for resistance to cytotoxic cytokines do not acquire cross-resistance to cytotoxic drugs ( Figure  6 ). Drug-induced apoptosis has been associated with enhanced expression of CD95 and CD95L and autocrine or paracrine suicide in some cell types (Friesen et al., 1996; MuÈ ller et al., 1997; Fulda et al., 1997 Fulda et al., , 1998a . The drug-induced changes in CD95 and CD95L expression in glioma cells (Table 2) were epiphenomenal to the death process, given the failure of crm-A to block drug cytotoxicity (Figure 3) . However, we de®ne a role for death receptorindependent caspase activation in mediating acute drug cytotoxicity, even though not clonogenic cell death, in glioma cells (Figure 9 ). The failure of the caspase 8 inhibitor, crm-A, to block drug-induced cell death (Figure 3) is consistent with the unaltered chemosensitivity of caspase 8 7/7 cells (Varfolomeev et al., 1998) . Previous data on the role of caspase 8 in drug-induced cell death, as assessed by the antiapoptotic action of crm-A, are controversial in that crm-A failed to protect U937 myeloid leukemia from druginduced apoptosis (Datta et al., 1996) but was protective in Jurkat T lymphoma cells (Antoku et al., 1997) . Drug-induced caspase 3 activation as assessed by immunoblot analysis that is not blocked by crm-A has been observed in leukemia cells (Datta et al., 1996) and is consistent with preferential caspase 8 rather than 3 inhibition mediated by crm-A (Zhou et al., 1997) . In glioma cells, we did not detect caspase 3 cleavage during drug-induced apoptosis by immunoblot analysis (Figure 7b ). More sensitive techniques such as anity labeling may be required to rule out a role for caspase 3 in druginduced apoptosis of glioma cells (Faleiro et al., 1997) . Caspases are not dispensable for drug-induced apoptosis in glioma cells since the broad spectrum caspase inhibitor, ZVAD-fmk, attenuates drug cytotoxicity ( Figure 9 ). Our data con®rm a role for caspases in cisplatin cytotoxicity of glioma cells even though caspase 1 may not be the critical caspase in that process (Kondo et al., 1996) , given the lack of caspase 1 processing and YVAD-amc-cleaving activity in drug-treated glioma cells (data not shown).
The drug concentrations required to induce caspase activation in glioma cells in vitro are unlikely to be achieved in vivo, consistent with the failure of current chemotherapy to induce tumor regression, as opposed to stable disease, in a relevant proportion of glioma patients. The lack of rapid and strong drug-induced caspase activation in glioma cells together with their inherent drug resistance raises the possibility that the failure to activate caspases in response to cytotoxic drugs may be a major reason for the failure of gliomas to respond to cytotoxic drug therapy. In support of this, forced expression of caspases has been shown to induce ecient tumor cell killing in rodent glioma models (Yu et al., 1996; Kondo et al., 1998) . Since CD95L kills glioma cells in a caspase-dependent manner (Figure 1b) , caspase pathways are not generally defective in these cells (Wagenknecht et al., 1998) . We conclude that the lack of death ligand/receptordependent caspase activation and the insucient death ligand/receptor-independent caspase activation in response to cytotoxic drugs are major reasons for the chemoresistance of malignant glioma.
Materials and methods

Materials
Cisplatin, cytarabine, vincristine, doxorubicin and camptothecin were purchased from Sigma (St Louis, MO, USA). BCNU and VM26 were obtained from Bristol (Syracuse, NY, USA). The preferential caspase 3 inhibitor, ZDEVD-cmk, the broad spectrum caspase inhibitor, ZVAD-fmk and thē uorescent caspase substrates, DEVD-amc and YVAD-amc were from Bachem (Heidelberg, Germany). Soluble CD95L was obtained from CD95L cDNA-transfected murine N2A neuroblastoma cells (Zipp et al., 1997) . The caspase 8 antibody was prepared as described (Scadi et al., 1998) . Mouse monoclonal caspase-3 antibody was from Transduction Laboratories (Lexington, KY, USA), a polyclonal rabbit PARP antibody from Boehringer (Mannheim, Germany). The rabbit polyclonal CD95L antibody (C-20) was from Santa Cruz (Santa Cruz, CA, USA).
Neutralizing antibodies, anti-mouse CD95L antibody (Kay-10) and anti-human CD95L antibody (Nok-1), were obtained from Pharmingen (San Diego, CA, USA).
Cell lines
T98G cells were from ATCC. LN-18, LN-229 and LN-308 cells were kindly provided by N de Tribolet (Lausanne, Switzerland). P497 and P560 mouse glioma cells were kindly provided by DD Bigner (Durham, NC, USA). The cells were maintained in DMEM containing 10% FCS, 1% glutamine and antibiotics (Weller et al., 1994) . CD95L-resistent LN-18 glioma cells were generated by continuous culture in medium containing soluble CD95L in increasing concentrations (10 ± 100 U/ml) for 3 months.
Transfections
The cells were transfected with a crm-A expression plasmid or a puro control plasmid, kindly provided by Dr A Strasser (Victoria, Australia) (Strasser et al., 1995) by electroporation (Biorad Gene Pulser, 250 V, 950 mF). Puromycin (2 mg/ml) was added 48 h later. Pooled transfectants selected for 6 weeks were used for the experiments (Wagenknecht et al., 1998) .
Viability and apoptosis assays
For acute cytotoxicity assays, the cells were seeded at 1610 4 cells per well in 96-well plates, adhered for 24 h, and exposed to the drugs for 72 h. Survival was assessed by crystal violet staining. For clonogenic survival assays, the cells were seeded at 1610 3 cells per well, adhered for 24 h, pulse-treated for 24 h with the drugs, and maintained drug-free for 5 ± 10 generation times in complete medium (Weller et al., 1998b) . Data derived from these simpli®ed clonogenic cell death assays were found to correlate well with classical colony formation assays performed with fewer cells (250 ± 500) in 6-well plates in our hands. Apoptotic cell death was also characterized by electron microscopy, in situ DNA end labeling and quantitative assessment of DNA fragmentation as described (Weller et al., 1994) . Caspase activity was assessed using the¯uorescent substrates, DEVD-amc and YVAD-amc (Wagenknecht et al., 1998) .
Immunoblot analysis
For immunoblot analysis, 20 mg protein per lane were separated on 12 ± 15% SDS ± PAGE gels and eletroblotted onto nitrocellulose. Equal loading was ascertained by Ponceau S staining. The blots were probed with the respective primary antibodies. Secondary horseradish peroxidase conjugate antibodies (1 : 3000) were detected using enhanced chemiluminescence (ECL) (Amersham, Braunschweig, Germany).
Flow cytometry
To assess CD95 expression, 10 6 cells were trypsinized, harvested into ice-cold complete medium containing 10%
LN-18
Figure 8 DEVD-amc cleaving caspase activity during CD95L-and drug-induced apoptosis. LN-18 (a ± c) or LN-229 (d ± f) cells were exposed to CD95L (20 U/ml for LN-18, 100 U/ml for LN-229, (a and d), vincristine (0.2 mM, b and e) or VM26 (6 mM, c and f) for various time intervals. DEVD-amc cleavage (right axis, open symbols) and viability (left axis, closed symbols) were assessed as detailed in Materials and methods FCS and centrifuged for 10 min at 48C. The cells were resuspended in 100 ml¯ow cytometry buer (1% BSA/PBS/ 0.01% sodium azide) containing 10% sheep serum, incubated for 20 min at 48C, centrifuged and labeled with mouse IgG monoclonal CD95 antibody (UB2, Immunotech, Krefeld, Germany) or mouse IgG1k (Sigma) as a control for 1 h at 48C. Thereafter, the cells were washed twice in¯ow cytometry buer and stained with sheep anti-mouse IgG-FITC (Sigma). After incubation (1 h at 48C) and washing, samples were resuspended in 300 ml of PBS containing 1% formaldehyde and stored light-protected at 48C before analysis in a Becton Dickinson FACScalibur cytometer. CD95L expression was assessed accordingly, using goat serum to block unspeci®c binding, rabbit polyclonal antihuman CD95L antibody (C-20, Santa Cruz) and rabbit IgG (Sigma) as an isotype control. The antibodies were labeled with FITC-conjugated goat anti-rabbit IgG (Sigma). The SFI was calculated as the ratio of mean¯uorescence values obtained with the speci®c antibody and isotype control antibodies.
